INTRODUCTION
Salt stress, particularly because of NaCl, is one of the most important limiting factors to crop production in agriculture worldwide (1). The increased salinization of arable land is expected to have devastating global effects with 30% land loss within the next 25 years, and up to 50% by the year 2050 (2).
Several approaches have been suggested to solve the problems, such as improving soil irrigation and drainage systems or plant salt tolerance by breeding or plant growth substance application. 5-Aminolevulinic acid (ALA), a key precursor in the biosynthesis of porphyrins such as chlorophyll and heme (3, 4), have also been suggested to be able to improve salt tolerance in several higher plants (5-10). However, the effect has not been approved by transgenic plants.
It is well-known that ALA is biosynthesized through C5 pathway in the chloroplasts of higher plants (3) or C4 pathway in the mitochondria of animals or yeast (4). GSA-AT, which codes the last enzyme in ALA biosynthesis in higher plants, was the first gene transformed into tobacco (11). Then, Zavgorodnyaya et al. (12) transformed a gene coding aminolevulinate synthase (ALA-S) in yeast into tobacco. They found that the recombinant gene could be expressed in higher plants, and more endogenous ALA was biosynthesized because of the additional ALA-S activity. Lately, Jung et al. (13, 14) introduced an ALA-S gene from Bradyrhizobium japonicum into the genome of rice and found the transgenic rice was able to synthesize 44-85% more endogenous ALA than the wild type (WT). However, either the transgenic tobacco or rice could grow only under low light condition because the exogenous recombinant genes were controlled by constitutive promoters. When the transgenic rice was exposed to photosynthetic photon flux density (PPFD) of 350 μmol m −2 s −1
, they grew slowly and leaves were bleached by photooxidation (13). Recently, we constructed a binary vector pYK3840-YHem1 that contains a Hem1 gene from yeast and a light-responsive promoter of HemA1 gene (AtHemA1) from Arabidopsis thaliana (15). We found that the recombinant YHem1 gene controlled by the AtHemA1 promoter could be expressed in transgenic tobacco plants (16) with higher ability of photosynthesis and photochemistry, and the more important is that they could grow under natural solar light (about 2,000 μmol m
) without any photobleaching symptom (17).
In this work, we introduced the yeast Hem1 gene under control of AtHemA1 promoter into Arabidopsis, and found the transgenic plants could synthesize more ALA with stronger salt tolerance.
RESULTS

Expression of yeast Hem1 gene in transgenic Arabidopsis plants
Transgenic Arabidopsis plants expressing yeast Hem1 gene were generated according to the agrobacterium-mediated transformation technique by the floral dip method. Thirty seedlings of T1 generation with hygromycin resistance were se-http://bmbreports.org BMB reports lected by GUS staining, and the self-pollinated seeds from individual T1 plants were harvested to sow for T2 generation seedlings. After confirmation by PCR analysis of genomic DNA (data not shown), the homozygous seeds of independent lines including P0, P3 and P12 that carried the yeast Hem1 were used for further analysis in the work. It can be observed from Fig. 1c that transgenic Arabidopsis lines were able to transcribe the Hem1 mRNA, whereas no Hem1 expression could be detected in the WT. When the expression of Hem1 was compared between the transgenic plants exposed to light and those kept at dark for 6 h, the relative transcript in the former was about 80-120% higher than the latter. This means that the AtHemA1 promoter, a light-responsive promoter, can regulate Hem1 expression in transgenic Arabidopsis according to light environment (Fig. 1d) .
Distribution of YHem1-EGFP in living onion epidermal cells
The subcellular localization of YHem1 was investigated in onion by using a fusion protein consisting of YHem1 fused an enhanced green fluorescent protein (EGFP) (Fig. 1b) . The result shows that the chimeric protein (YHem1-EGFP) was expressed transiently in onion epidermal cells after biolistic transformation (green spot). After the mitochondria were labeled with MitoTracker Red CM-H2Ros, many cells displayed a punctate pattern of EGFP fluorescence (green) were consistent with Mitochondria-localized protein (red) (Fig. 1e) . Thus, the exogenous ALA-S protein should be located in mitochondrion in higher plants.
Seed germination in transgenic Arabidopsis under NaCl stress
To validate if the Hem1 gene transformation could improve salt tolerance, the wild type and transgenic Arabidopsis seeds were cultured on MS medium containing different levels of NaCl (0, 50, 100 and 150 mM) for 2 weeks. When NaCl concentration was not higher than 50 mM, there were no significant differences between the WT and the transgenic types in germination and root growth. When they were exposed to 100 mM NaCl, however, the germination rate of the WT decreased to 52.58%, whereas that of P0, P3, and P12 was 83.36%, 87.74% and 91.42%, respectively. When the salt concentration was 150 mM NaCl, the results were similar with that of 100 mM NaCl treatment, the germination rates of the
